The natural lifetimes of a large number of the vibrational levels of the excited A 2 Σ + electronic state of the family of rare gas complexes, R·SH (R=Ne, Ar, and Kr) and their deuterides, are reported. It is well known that the natural lifetime of the A 2 Σ + state of isolated SH/D is markedly shortened by a photofragmentation process. Our results for the complexes show that the rare gas atom plays an important role in inhibiting this process. From a classical model of the molecular system we are able to explain the trends observed in our lifetime data. The data from the R·SD complexes where for some vibrational levels the deuterium atom appears to be trapped between the rare gas and sulfur atoms allows us to establish a radiative lifetime for these complexes and the SH/D monomer.
I. INTRODUCTION
The dynamics of bond breaking in excited vibrational and/or electronic states of molecules lies at the heart of chemistry. As such, it is a subject that has been actively investigated for many years. However recent advances, both experimental [1] [2] [3] [4] [5] [6] and computational [7] [8] [9] , have allowed an ever better understanding of these processes.
reported 23 that the τ nat for Ar·SH could be more than a factor of 100 longer than free SH.
Soon thereafter Aparkian, et al. 24 reported that Kr or Ar matrices appeared to completely arrest the photofragmentation process in SH.
In this paper we report a detailed study of the competition between radiation and photofragmentation for A 2 Σ + SH/D as a function of vibrational level of the R·SH/D complex by determining the natural lifetimes of these states. Qualitatively such experimental data represent a measure of the efficiency of S-H/D bond fission as a function of the position on the excited state potential where the molecule is placed. In a companion paper 25 , McCoy has undertaken a detailed calculation of the dynamics upon this surface. In this paper we use portions of her results, based upon a simplified model of the dynamics, to rationalize our experimental results.
II. EXPERIMENT
The experimental apparatus ( Fig. 1) used to acquire the lifetime data will be briefly described here. An excimer (Lumonics 500) laser operating at 193nm (ArF) was focused with a 75mm quartz lens into the vacuum chamber and used to photolyze the precursor gas approximately 1-2mm after exiting a 500µm orifice of a pulsed valve (General Valve).
Approximately 25mm downstream from the pulsed valve a Nd:Yag (Quanta-Ray DCR II) pumped dye laser (Quanta-Ray PDL II) with DCM laser dye (Exciton) was frequency doubled with a KDP crystal and used to pump the A 2 Σ + − X 2 Π transition. The light was collected with a 2in f1 lens and projected on to the active area of a photo-multiplier tube (PMT) (EMI 9659B). The signal from the PMT was passed through a pre-amplifier before being fed into a 175MHz digital oscilloscope (Lecroy 9400a). Each temporal decay was averaged over 1000 shots on the oscilloscope and then sent over a GPIB interface to the experimental computer for analysis. Additionally the experimental computer was used to remotely scan the dye laser and control the digital oscilloscope.
The precursor for this experiment consisted of a mixture of 1% H 2 S balance He (Matheson)gas combined with the appropriate rare gas, Ne, Ar, or Kr (AGA gas) to produce the desired complex. Alternatively for the deuteride complexes 1% D 2 S, balance He, (Isotek) was used. In the case of the 1 H species additional He (AGA Gas) was added in order to reduce the intensity of S 2 transitions near the frequency of the rare gas complex transitions 26 . The mixture of H 2 S, rare-gas, and He was produced via a system of needle valves at a stagnation pressure of 75-125psi before being expanded through the pulsed valve.
To ensure that the A state molecules in the free jet were not undergoing collisional relaxation to lower vibrational states before emission we varied the conditions of the expansion.
We changed the stagnation pressure from 75-125psi and varied the distance between the pulsed valve and probe beam from 44-134 nozzle diameters. No change in the natural lifetime was observed for any combination of these parameters. We therefore conclude that we are operating in a region of the free jet expansion where collisional relaxation is negligible.
The intensity, I, of radiation reaching our detector as a function of time, can be written as obs . Under circumstances in which there is little contribution to the temporal decay by molecules leaving the light collection region before emitting, the signal to noise is good, and the magnitude of the background fluorescence signal is small compared to the R·SH signal, fitting either form of the equation yield equivalent values for τ . However, when any of the above conditions are not met we have found that fitting Eq. 1 itself is more reliable and with modern computer techniques as straightforward. For this reason all data was fit to Eq. 1.
Actual fitting of the data was done using the fitting capabilities of the program Sigma Plot 4.0. For each trace the data was trimmed to the middle 80%, i.e., the first 10% of the decay curve and the last 10% were deleted. Each trace was then fit to Eq. 1. The results of ten fits were then averaged and these results are reported in Tables II and III. For transitions which exhibited long lifetimes(τ obs ≥500ns) it was noted that data taken without the collection optics produced values of τ obs significantly longer than those obtained with the optics in place. This indicates that in some cases a non-negligible number of molecules leave the light collection region before fluorescing. Given the significant effect of the collection optics and the fact that we were not able to omit the optics for all transitions of interest because the light intensity was too low, we need to correct our data for this effect.
As a first approximation we assume the rates of the two effects are additive; The reason for the difference in calculating error limits arises from the greater difficulty in measuring a good baseline for the case of Ar and Kr complexes. In Ar and Kr where there is significant background fluorescence from larger clusters, the baseline fluctuates a great deal for a relatively small change in the concentration of the rare gas. This effect was minimized to the point that it did not make much difference for a single set of ten traces, however when revisiting the same transition and acquiring another ten traces we found that the data would typically vary somewhat more than one standard deviation. Therefore we have adopted two standard deviations as our error limits which was sufficient to encompass all of the data that was acquired. In the case of Ne·SD there was no background fluorescence and one standard deviation was sufficient to encompass the observations.
IV. RESULTS AND DISCUSSION

A. Radiative Lifetimes
It is useful to compare our results to the radiative lifetimes observed for the bare SH/D and SH in Kr and Ar matrices. These are summarized in Table I . In our experiments the radiative lifetimes were determined by taking the average of all levels considered to be totally trapped for a given complex. The transitions included in the average for each complex are marked in Tables II and III. Overall we obtain a radiative lifetime of 820(50)nsec for SH and 810(30)nsec for SD. The isotopomer values are, as expected, within experimental error.
Although we would not expect the radiative lifetimes of bare SH/D to be exactly identical to that of the rare gas complexes, we would expect that the perturbation caused by the addition of the rare gas atom to be small. This is born out by a comparison to the data obtained 27 shows the observed radiative lifetimes to be considerably higher than that of both SH and SD. However Senekowitsch, et al. 27 noted that these calculated lifetimes may be somewhat too short, because of difficulties in calculating the transition moments. Useful comparisons to the data obtained by Aparkian, et al. 24 in Kr and Ar matrices may also be made, however in there experiment only data for SH was obtained Table I .
B. Experimental Lifetime Trends for Complexes
A summary of the experimental data for all the observed vibrational levels of the A state of the R·SH complexes is found in Tables II and III . Additionally, plots of lifetime vs.
relative energy are provided in Figs. 2,3 , and 4. The analyses of the data for the complexes will be discussed in order of decreasing size of the rare gas complexes(i.e., Kr, Ar, Ne).
For the Kr·SH and Ar·SH complexes we see from Table II and Figs. 2 and 3 that there is a gradual decrease in lifetime as we increase the amount of vibrational energy in the complex.
We see in the Kr·SH data that the addition of a quantum of bend somewhat increases the probability of dissociation at lower energies; hence energy placed in the bending mode is more efficient at promoting dissociation than equivalent energy placed in the stretching mode.
The bend-stretch data for Ar·SH is somewhat sparse. However for this complex the addition of a bend to the stretch appears to cause only a small increase in the decay rate. It is probably that in these levels of Ar·SH that we are already sufficiently near the predissociative lifetime limit, so that any increase in decay rate must be slight.
The data for the deuterated species of Kr and Ar complexes show a quite different behavior to that of the nondeuterated species. It appears that deuterium substitution completely quenches the fragmentation process for most levels. Indeed the only significant decrease in lifetime occurs after one quantum of bending motion is added to a complex.
The lifetimes in Ne·SH are all sufficiently short that their observed decay rates are all instrumentally limited. Thus we can only provide an upper limit of 20ns for them. Clearly, the Ne atom is not able to effectively block the dissociation of SH and the escape of H.
On the other hand Ne is significantly more effective in the Ne·SD complex at blocking the deuterium atom from dissociating. Particularly at the origin we see significant lengthening of the complexes lifetime compared to free SH/D.
C. A simple model
Fig . 5 shows a "billiard ball" classical picture of the geometry of the R·SH complexes. picture to the H atom "crashing" into the rare gas and its escape thereby being prevented.
In an accompanying paper, McCoy 25 has developed both the classical and quantum mechanical picture in considerable detail, and is able to make predictions with both models, that replicate our observations with considerable accuracy. We recommend this paper to the reader.
In our present effort to interpret our experimental results, we will confine ourselves to the classical model, but note that there is a close correspondence between it and the more quantum mechanical description. The classical model yields zero probability for dissociation for certain combinations of R and θ, such that R sin θ ≤ ρ n , where ρ n is the sum of the H and R van der Waals radii while allowing it to proceed at the free SH rate for all other combinations of R and θ values. This corresponds to assuming the surfaces in Fig. 6 are characterized by a barrier with zero transmission coefficient for R, θ cuts for which R sin θ ≤ ρ n and zero barrier otherwise. With this model it immediately follows that
with τ −1
where τ −1 R = radiative decay rate (assumed the same for R·SH/D and free SH/D, see Table I ) τ While this model is simple and relies principally upon measured parameters for the isolated radical, for most molecular complexes its predictive power for the observed lifetimes would be severely limited. This limitation arises because of lack of knowledge of P out . However in the case of the R·SH we are very fortunate. In recent papers 11,28 we have described detailed calculations of all the observed eigenvalues and their corresponding eigenfunctions based upon an empirically determined potential. P out is simply and, we believe, rather accurately calculated from the square of the vibrational eigenfunctions of R and θ, for values of R sin θ > ρ n .
In Tables I and II , we include the results for P out for each observed vibrational level in Table I . One may note that such a calculation contains no adjustable parameters and is based upon the obviously rather crude assumption that at a given R and θ value the probability for (5) with D 0 the dissociation energy of the rare gas complex and E n the energy of the vibrational level above the vibrationless one. As pointed out by McCoy β can be optimized once for the pure stretch levels, β 0 =0.00659cm, and once for levels containing bending motion, β 1 =0.00811cm. The physical justification for this factor is the clear recognition that complexation with the inert gas causes the potential curves to shift with respect to one another which means that even where R sin θ > ρ n , τ −1 is not quite τ
−1
SH/D of the free SH/D radical. Tables II and III compare Table II shows that because of the rather tight anisotropic bending in this complex the H atom spends most of its time (1 − P out ) in the "shadow" of the Kr atom. As v s increases, so does P out , thereby significantly decreasing the probability that the H atom is in the shadow of the Kr. As Table II shows there is good agreement between the observed decrease in τ nat compared to the predictions.
D. Comparison of experimental results with model
Table II also quite clearly shows how for a given v s , P out is increased by adding one quanta of bending excitation to the complex for v s = 7 and 8. Clearly this increases the probability that the H is out of the shadow of the Kr and this is reflected by the observed decrease in the lifetimes by roughly a factor of 7. Table III shows that overall the model predicts these trends quite well.
Turning to Table III we see that for all the stretching levels in Kr·SD, including excitation up to v s = 13, τ nat is essentially constant at the value of τ rad . Similarly, when we add one quantum of bend to the stretching mode we again observe τ nat essentially constant at the value of τ rad . Only when we get to v s = 11 in the bend-stretch combination do we see a slight decrease in lifetime. The model does an excellent job of predicting these observations.
Eq. 4 shows that this differential "trapping" between isotopomers is really caused by two effects. First P out is considerably smaller in the deuteride because its amplitude of vibration is considerably less. In addition τ SD τ SH in the free molecule presumably due to a shift of the curve crossing relative to the v = 0 level.
Turning to the Ar·SH complex we see from Table II that Tables II and III show that the model adequately predicts the observations.
For the Ne·SH complex all observed levels decay with lifetimes (τ nat 20ns) below instrumental resolution. Because of the large amplitude vibrations in this weakly bound complex, P out for all these states is large and the model predicts lifetimes ≤10nsec for all of the observed levels, well below experimental resolution. Interestingly τ nat for Ne·SD is much longer and easily measured as shown in Table III . As Eq. 4 shows, qualitatively this effect arises, as in Ar·SD from the dual factors of P out and τ
−1
SD decreasing compared to the hydride complex. This trend is also predicted by the model. (e) This number is arrived at by averaging all of the levels considered to to be totally trapped in Kr·SD and Ar·SD. (f) The assignments in brackets are alternative assignments to those outside the brackets.
The bands observed is this progression may either be a blend of both bands or an individual broad band. The lack of high resolution data makes it impossible to make a unique assignment. The assignment was based purely on the calculations of Korambath, et al. 11 . The τ calc and P out in brackets corresponds to the calculated values for the assignments in brackets.
(g) Lifetime corrected for overlap with a Ne n SD vibrational level with a lifetime of 520ns.
(h) Lifetime corrected for overlap with an SD rotational level with a lifetime of 190ns.
